This experiment was conducted to evaluate the effects of dietary octacosanol supplementation on laying performance, egg quality, serum hormone levels, and gene expression related to reproductive axis in laying hens to confirm the reproductionpromoting function of octacosanol. In total, 360 Hy-Line Brown (67-wk-old) laying hens were randomly assigned to one of three treatments with 0, 5, and 10 mg octacosanol (extracted from rice bran, purity >92%)/kg feed. The feeding trial lasted for 10 weeks. The results showed that the dietary addition of 5 and 10 mg/kg octacosanol improved feed efficiency by 4.9% and 3.4% (P < 0.01), increased the albumen height by 20.5% and 13.3% (P < 0.01), the Haugh unit score by 12.9% and 8.7% (P < 0.01), and the eggshell strength by 39.5% and 24.5% (P < 0.01), respectively, compared with the control diet. Dietary octacosanol addition significantly affected serum triiodothyronine, estradiol, follicle-stimulating hormone levels (P < 0.05), and progesterone and luteinizing hormone level (P < 0.01). Compared with the control, dietary addition of octacosanol at 5 mg/kg promoted the follicle-stimulating hormone receptor (FSHR) mRNA expression in different-sized follicles, and significantly increased the FSHR mRNA expression of granulosa cells from the F2 and F3 follicles (P < 0.05). Dietary supplementation with both 5 and 10 mg/kg octacosanol promoted the mRNA expression of luteinizing hormone receptor and prolactin receptor in differentsized follicles, and significantly up-regulated the expression levels in F1 granulosa cells (P < 0.05). The ovarian weight was significantly increased with the dietary addition of 5 mg/kg octacosanol (P < 0.05). The numbers of small yellow follicles and large white follicles were increased with the addition of dietary 5 and 10 mg/kg octacosanol (P < 0.01). This study provides evidence that octacosanol has the capacity to improve reproductive performance, indicating that it is a potentially effective feed additive in egg production.
INTRODUCTION
Follicular maturation is an interaction of morphological, physiological, and endocrinological events that takes place in the ovary during the egg-laying cycle in birds, including follicular growth and atresia, follicle cell proliferation and apoptosis, related gene expression, and steroid hormone synthesis (Richards, 1980) . During the development of ovaries and follicles in chickens, a strict hierarchical system of follicular development has been established by a natural selection and atresia mechanism, which makes these follicles develop according to a definite sequence (Lei et al., 2014) . Although egg production is one of the most efficient industries nowadays in animal production, there remains a great potential for further advancement, including the time needed from primiparity to peak egg production, the sustaining of this peak period, and the decline rate of laying performance after the peak production. The main reason for the decline in the egg production of laying hens in the late laying period is that the numbers of small growth follicles and between-grade follicles decrease, the number of atretic follicles increases, and the ovulation rate decreases (Yao et al., 1998) . Research on the regulatory mechanism of avian ovarian and follicular development is important for maintaining high laying performance and feed efficiency. Therefore, improving the health status of poultry, enhancing reproductivity, and prolonging peak production have become highly topical research areas. Studies on the relationship between feed additives and follicular development of poultry can provide a theoretical basis for improving laying performance and for constructing an ideal model for the study of mechanisms regulating follicular development.
894 Table 1 . Dietary composition and nutrient levels of the basal diet for laying hens (air-dried basis). Octacosanol [HO-CH 2 -(CH 2 ) 26 CH 3 ], a long-chain aliphatic alcohol with prominent physiological activity and pharmacological effects, is the main component of a natural wax product, which exists in wheat germ oil, rice bran oil, fruits, and leaves (Taylor et al., 2003; Oliveira et al., 2012) . Since only very small amounts are ingested in human or animal diets, octacosanol must be externally supplied to gain health benefits. Extensive studies on humans and rodents have shown that octacosanol has a variety of biological activities, including antifatigue properties (Kim et al., 2003) , antioxidant activities (Ohta et al., 2008) , cholesterol-lowering effects (Hernandez et al., 1992) , cytoprotective function , and ergogenic properties (Oliaro-Bosso et al., 2009) . Therefore, with a high level of safety (Rodriguez and Garcia, 1994; RodriguezEchenigue et al., 1994) , octacosanol is listed in the dietary supplementation sales information by the American Food and Drug Administration as a functional food additive with a natural plant source. However, few studies have been conducted on the application of octacosanol to domestic animals. Our previous studies showed that dietary octacosanol supplementation improved the growth rate of weaning piglets and reduced the occurrence of diarrhea (Long et al., 2015) , enhanced the growth performance of broilers, and improved the meat quality (Long et al., 2016) . To our knowledge, no research has yet been undertaken on the effect of dietary octacosanol supplementation on reproductive function in laying hens. Studies have shown that octacosanol may affect the endocrine system, in particular, causing the secretion of gonadal hormones such as testosterone and cortisol (Wu, 2007) , promoting chick comb growth (Ezra, 1963) , increasing fertility in hard-to-breed cows, preventing spontaneous abortion in female animals, and increasing sex drive in male animals (Deters, 1997) . Our premilinary studies showed that dietary octacosanol supplementation improved laying performance in laying hens. It is reasonable to suspect that octacosanol probably causes variations in the levels of gonadal hormones, thereby affecting the reproductive performance of laying hens. Therefore, it may be feasible to research and develop octacosanol as a potential feed additive to improve laying performance and prolong the peak egg production of laying hens.
The objective of this study was to test the efficacy of dietary octacosanol supplementation on laying performance and egg quality in laying hens, and to confirm the reproduction-promoting function of octacosanol through changes in hormone levels, ovarian development, the number of follicles, and expression of genes related to the reproductive axis.
MATERIALS AND METHODS

Birds, Diets, and Experimental Design
The protocol of this study was approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences. Three hundred and sixty 67-wk-old Hy-Line Brown laying hens (initial egg production of approximately 90.0 ± 1.5%) with similar BW were housed in 3-tier battery cages and randomly allotted into 1 of 3 dietary treatments with 8 replicates each. Each replicate consisted of 5 consecutive cages with 3 hens per cage (43 × 43 × 43 cm). All hens were provided with free access to diets and water and assigned to a cornsoybean meal based diet supplemented with 0, 5, or 10 mg octacosanol/kg. The feeding trial lasted 10 wks after 1-wk adaptation. Octacosanol (purity >92%), extracted from rice bran, was provided by the Huzhou Shuanglin Shengtao Vegetable Oil Factory (Zhejiang, China). The composition of the control diet was based on the requirements stipulated by the NRC (1994) and the nutrition levels are shown in Table 1 . All hens were housed under routine conditions of temperature, humidity, illumination (16L:8D), and ventilation.
Laying Performance and Egg Quality
Egg production, egg weight, and mortality were recorded daily. Feed intake and feed efficiency (g of feed/g of egg) were calculated every two weeks. Laying rate and feed efficiency were calculated based on mortality. Five eggs (no shell defects, cracks, or doubleyolks) per replicate were collected at the end of 71, 75, and 77 wk for same-day analysis of the egg quality indices, including albumen height, eggshell strength, eggshell thickness, egg-yolk color, egg-shape index, and Haugh unit (HU) score. The egg-shape index was calculated using the following formula: shape index = (width/length) × 100 (Reddy et al., 1979 
Serum Biochemical and Hormone Analysis
At the end of 77 wk of the experiment, two hens from each replicate of each treatment were randomly chosen and sacrificed by cervical dislocation, and their abdomens were dissected. Blood samples were collected into coagulation tubes. Serum was isolated by centrifugation at 3,000 × g for 10 min at 4
• C and immediately stored at −20
• C until required for the analysis of biochemical parameters, including Ca, P, blood urea nitrogen (BUN), glucose (GLU), total protein (TP), albumin (ALB), uric acid (UA), and hormone parameters including triiodothyronine (T 3 ), thyroxine (T 4 ), estradiol (E2), progesterone (P4), follicle-stimulating hormone (FSH), and luteinizing hormone (LH). The concentrations of serum Ca, P, BUN, TP, ALB, and UA were assayed using Nanjing Jiancheng Bioengineering Institute assay kits (Nanjing, China). Serum T 3 , T 4 , E2, and P4 were determined using assay kits obtained from Beijing North Biotechnology Institute (Beijing, China), and FSH and LH levels were analyzed using RIA kits (Langdun Biological Technology Co., Ltd, Shanghai, China) by radio immunoassay.
Quantification of Follicle-stimulating Hormone Receptor, Luteinizing Hormone Receptor, and Prolactin Receptor mRNA with Real-time PCR
The ovaries were removed and weighed, and the numbers of preovulatory follicles (POFs) [F1 (the first largest one of POFs), F2 (the second largest one of POFs), F3 (the third largest one of POFs) > 10 mm in diameter], small yellow follicles (SYFs) (4 to 10 mm in diameter), and large white follicles (LWFs) (2 to 4 mm in diameter) of every chicken were counted. Then the POFs, SYFs, and LWFs were carefully removed from the ovaries, and the granulosa layers of the POFs were separated, as described by Gilbert et al. (1977) . The granulosa layer, SYFs, and LWFs were wrapped quickly with sterilized aluminum foil and placed in liquid nitrogen, then preserved at −80
• C for measurement of mRNA expression of follicle-stimulating hormone
receptor (FSHR), luteinizing hormone receptor (LHR), and prolactin receptor (PRLR).
The relative expressions of the ovarian hormone receptor levels were determined using quantitative realtime PCR. Total RNA was extracted from SYFs, LWFs, and the granulosa layers of the POFs, using TRIzol reagent (Invitrogen Gibco-BRL, Bethesda, MD). The yield of RNA was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA), and the integrity was evaluated using agarose-ethidium bromide electrophoresis.
Quantification was performed with a two-step reaction process: reverse transcription (RT) and PCR. According to the instructions for the QuantScript Reverse-Transcription Kit (TaKaRa, Japan), each RT reaction consisted of 0.5 μg RNA, 2 μL of PrimerScript Buffer, 0.5 μL of oligo dT, 0.5 μL of random hexamers, and 0.5 μL of PrimerScript RT Enzyme Mix I, in a total volume of 10 μL. Reactions were performed in a GeneAmp PCR System 9700 (Thermo Fisher Scientific, Waltham, MA) for 15 min at 37
• C, followed by heat inactivation of RT for 5 s at 85
• C. The 10 μL RT reaction mix was then diluted × 10 in nuclease-free water and held at −20
• C. Real-time PCR was performed using a LightCycler 480 Real-time PCR Instrument (Roche Diagnostics Ltd, Basel, Switzerland) with a 10 μL PCR reaction mixture that included 1 μL of cDNA, 5 μL of 2 × LightCycler 480 SYBR Green I Master, 0.2 μL of forward primer, 0.2 μL of reverse primer, and 3.6 μL of nucleasefree water. Reactions were incubated in a 384-well optical plate (Roche Diagnostics Ltd, Basel, Switzerland) at 95
• C for 10 min, followed by 40 cycles of 95 • C for 10 s, and 60
• C for 30 s. Each sample was triplicated for analysis. At the end of the PCR cycles, melting curve analysis was performed to validate the specific generation of the expected PCR product. The primer sequences were designed and synthesized by Generay Biotech Co., Ltd (Shanghai, China) based on the mRNA sequences obtained from the NCBI database, as shown in Table 2 .
The expression levels of the mRNA were normalized to the mRNA expression of avian β-actin and were calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ).
Statistical Analysis
All data were analyzed using SPSS Version 16.0 for Windows (SPSS, Chicago, IL) and expressed as mean values with pooled standard errors of the mean using one-way ANOVA. The difference between group means was calculated by Duncan's multiple range test. Log transformation was performed for variables that was not normally distributed. Differences were considered statistically significant at P < 0.05 and highly significant at P < 0.01, unless otherwise stated. 
RESULTS
Laying Performance
As shown in Table 3 , dietary octacosanol supplementation did not affect the laying performance during 67 to 71 wk (P > 0.05). However, significant effects of dietary octacosanol on the laying rate and feed conversion ratio (FCR) were observed at 72 to 75 wk and 76 to 77 wk. During the entire experiment (67 to 77 wk), as compared with the control group, hens fed with 5 and 10 mg/kg octacosanol diet showed a higher laying rate, which was significantly increased by 5.3% (P < 0.01), and a non-statistically significant increase by 2.5% (P > 0.05), respectively, and the FCR was significantly decreased by 4.9% and 3.4% (P < 0.01). No significant differences were found between the control and the octacosanol-added groups in egg weight, ADFI and mortality (P > 0.05). Table 4 shows the effects of dietary octacosanol supplementation on egg quality of laying hens. At the end of 71 wk, egg quality parameters did not exhibit significant responses to the dietary treatments (P > 0.05). However, compared with the control, dietary supplementation with 5 and 10 mg/kg octacosanol significantly increased the albumen height (P < 0.01), and the HU score was also significantly increased with dietary 5 mg/kg octacosanol supplementation (P < 0.05) at the end of 75 wk. At the end of 77 wk, the albumen height was significantly increased by 20.5% and 13.3% (P < 0.01) and the HU score was significantly increased by 12.9% and 8.7% (P < 0.01) following dietary supplementation with 5 and 10 mg/kg octacosanol, respectively, compared with the control group. The eggshell strength was greatly improved by 39.5% and 24.5% with 5 and 10 mg/kg octacosanol supplementation, respectively (P < 0.01). No significant differences were found in eggshell thickness, egg-yolk color, or egg-shape index (P > 0.05).
Egg Quality
Serum Biochemical Analysis
The effects of the dietary octaecosanol addition on serum biochemical levels are presented in Table 5 . Overall, serum Ca, P, GLU, BUN, and TP levels were significantly affected by dietary octacosanol supplementation. Compared with the control, the concentrations of serum P, GLU, and TP in supplemental 5 mg/kg octacosanol diet-fed hens were significantly increased (P < 0.05), and the concentrations of serum Ca, P, and TP with 10 mg/kg octacosanol diet were also significantly increased (P < 0.05). In contrast, the concentration of BUN was significantly decreased with dietary octacosanol supplementation (P < 0.05). No differences in ALB or UA were found among all groups (P > 0.05).
Serum Hormone Analysis
Dietary effects on serum hormone levels in hens are shown in Table 6 . Dietary octacosanol supplementation had significant effects on serum hormone levels except for T 4 . Serum concentrations of T 3 , E2, and FSH were significantly increased (P < 0.05), and the serum concentrations of P4 and LH was highly significantly increased (P < 0.01), with dietary octacosanol supplementation at 5 and 10 mg/kg. 
Ovarian Weight and Numbers of the Different-Sized Follicles
As shown in Table 7 , the ovarian weight and numbers of the different-sized follicles were determined. The results showed that octacosanol affected the development of reproductive organs in laying hens. Compared with the control, the ovarian weight was increased with dietary 5 mg/kg octacosanol supplementation (P < 0.05) and no significant change with dietary 10 mg/kg octacosanol supplementation (P > 0.05). The number of POFs tended to increase with dietary octacosanol supplementation, but the difference was not significant (P > 0.05). Highly significant differences in the numbers of SYFs and LWFs were observed in the dietary 5 and 10 mg/kg octacosanol supplementation hens compared with the control (P < 0.01).
mRNA Expressions of FSHR, LHR, and PRLR in Ovarian Follicles in Response to Dietary Octacosanol Supplementation
Real-time reverse-transcription PCR analysis revealed that FSHR, LHR, and PRLR mRNA expressions in the granulosa cell layers of POFs (F1, F2, and F3), SYFs, and LWFs were up-regulated with dietary octacosanol supplementation ( Figure 1A-C) . In the granulosa cell layers of POFs, FSHR mRNA was strongly expressed in F3 and weakly expressed in F1.
Compared with the control, dietary addition of octacosanol at 5 mg/kg promoted the FSHR mRNA expression in different-sized follicles and significantly increased the FSHR mRNA expression in the granulosa cell layers of F2 and F3 (P < 0.05). No noticeable difference was detected in the level of FSHR mRNA expression between the dietary octacosanol supplementation of 5 and 10 mg/kg groups.
In contrast to the FSHR mRNA expression, the mRNA expression levels of LHR and PRLR in the granulosa cell layers of the POFs were up-regulated from F3 to F1, and reached the highest level in the F1 follicular granulosa layer. Dietary supplementation with both 5 and 10 mg/kg octacosanol promoted the LHR and PRLR mRNA expression in different-sized follicles and significantly up-regulated the expression levels in the F1 granulosa cell layers compared with those in the control group (P < 0.05). Beta-actin expression in follicular tissues of laying hens was stable and not affected by the treatment.
DISCUSSION
In human studies, a daily administration of 20 to 30 mg octacosanol, which is about 0.29 to 0.43 mg/kg body weight/d, may bring marked physical improvement (Fernandez et al., 2001; Keller et al., 2008) . In our present study, we designed the additional dosage of octacosanol as 0, 5, or 10 mg/kg feed for every treatment according to the daily oral dosage of octacosanol in humans and our preliminary study, which meant a daily supplementation of 0, 0.30, or 0.60 mg octacosanol/kg BW per bird, respectively.
During the development of ovarian follicles in poultry, a large yellow follicle matures and reaches ovulation every day. After the F1 follicle matures and ovulates, the F2 and F3 follicles become the new F1 and F2 follicles; meanwhile, there is a SYF to be selected into the preovulatory follicle hierarchy. Laying performance, in the final analysis, is determined by the development of follicles in the ovary (Yutaka et al., 1996; Meng et al., 2013; Bulbul et al., 2015) .
The development of reproductive organs in chickens, follicular development, maturation, and ovulation are mainly regulated by the hypothalamus-pituitary-gonad axis (Akazome et al., 2002; Hernandez and Bahr, 2003) . Gonadotropins (GTHs), e.g., FSH and LH, play a particularly important role in the course of follicular development and ovulation. Follicle-stimulating hormone is the main hormone responsible for the development and maturation of small follicles especially in the F6 to F3 follicles and SYFs, and it can promote P4 secretion in granulosa cells of small follicles in the preovulatory stage (Hernandez and Bahr, 2003) . However, LH mainly promotes the secretion of P4 in the F3 to F1 follicles (Palermo, 2007; Thompson and Kaiser, 2014) . Furthermore, E2 has a feedback effect on the hypothalamus and pituitary to promote follicular development (Tarumi et al., 2014) , and P4 originates from large follicles and shows the highest production and secretion in the F1 follicle (Yu et al., 1992) . Accordingly, the serum hormone level has been considered as a sensitive indicator of laying performance (Mohammadi and Ansari-Pirsaraei, 2014) .
The present study found that dietary octacosanol supplementation elevated the concentrations of FSH, LH, E2, and P4, which was consistent with the report that octacosanol may increase hormonal and gonadotropic activity in humans (Deters, 1997) . The improvement of FSH and LH levels may increase the ovarian weight, stimulate the follicular growth and maturation, and promote the estrogen production in follicles (Zamaratskaia et al., 2007; Li and Xu, 2008) . The increase of estrogen may sensitize the hypothalamicpituitary axis to the positive feedback effects of P4 (Wilson and Sharp, 1976) . Thus, more P4 production may decompose follicular cells to induce ovulation by stimulating the synthesis of protein-decomposing enzymes and collagen hydrolase in the follicular cells (Donoghue, 1989) .
The FSH, LH, and PRL receptor gene expressions were investigated further in the current study. Folliclestimulating hormone and LH regulate the development of follicles, ovarian function, and ovulation by their receptors, which are generally coupled to Gs, the G protein that activates the various adenyl cyclases, with resulting elevation of intracellular cAMP concentrations (McFarland et al., 1989; Kobayashi et al., 2008) . In the ovary, FSHR, which is necessary for follicular development, is associated with vitellogenesis and has strong expression in small POFs (LaBarbera, 1994) . While LHR plays a role in final maturation and ovulation of oocyte (Kwok et al., 2005) , and is strongly expressed in the F1 follicle because the granulosa cells in F1 are the most sensitive to the simulation of LH (Seekallu et al., 2010) . The significant up-regulation of FSHR and LHR mRNA expressions in preovulatory granulosa of laying hens fed octacosanol diets may be related to the more secretion of hormone levels.
Follicle-stimulating hormone can stimulate ovarian FSHR expression (LaPolt et al., 1992; Simoni et al., 1997) , and FSH and E2 also synergistically promote the expression of LHR (Ascoli et al., 2002; Thompson and Kaiser, 2014) . The increase in the levels of FSHR and LHR can greatly increase the reactivity of follicles to FSH and LH, and thus eventually facilitate the mature of follicles (Xu et al., 1995) . Likewise, the increase of PRLR expression can promote the secretion and synthesis of estrogen/progesterone by activating different signal transduction systems (Jonassen et a1., 1991; Russell and Richards, 1999) and the development of ovarian follicles (Picazo et al., 2004) . This synergistic elevation between reproductive hormones and their receptors caused by octacosanol allows for the increase of ovarian weight and follicular numbers, as well as follicle growth, development, maturation, and ovulation in the ovary rapidly, which is favorable to improve the reproduction of laying hens in late laying period. The improvement of reproductive hormone may be conducive to decrease the FCR.
The decreased FCR was also possible from the increased nutrient availability. Our previous study in piglets demonstrated that octacosanol improved the availability of dry matter and protein in feed (Long et al., 2015) . The increased nutrients may be related to the effectiveness of octacosanol in modulating lipid metabolism, enhancing glycogen storage, and decreasing the rate of glycogen utilization in body (Kim et al., 2003; Brown-Borg and Bartke, 2012) . Furthermore, the observed enhancement of serum TP also indicated higher protein availability, which may improve the nutrition utilization in feed, and lead to decrease of FCR. Meanwhile, better metabolism and utilization ratio of protein are in favor of decreasing the level of serum BUN as well (Kohn et al., 2005) . Additionally, elevation of serum T 3 may also contribute to the improvement of reproductive performance and reduction of serum BUN level. However, the underlying mechanism of octacosanol on protein metabolism in laying hens awaits further study.
Problems with eggshell quality are typical in aged laying hens (Nys, 2001) . Reduced eggshell thickness and shell strength may result in a poorer eggshell quality and shelf-life. In our current study, eggshell strength was improved by dietary octacosanol supplementation. Calcium and phosphorus are very important for eggshell quality, and most of the Ca and P in feed are used for eggshell formation during the laying period (Narvaez et al., 2011; Chen et al., 2015) . Several investigators have reported that octacosanol can promote the deposition and absorption of Ca and P in the body and improve bone strength in humans Taylor et al., 2003; Wang et al., 2010) . Our current study showed that dietary octacosanol supplementation affected the concentrations of Ca and P in the serum, which may be favorable to the Ca and P deposition in eggshell. Besides, the improvement of serum TP is in favor of albumen height, since the protein is the major component of egg albumen. Further investigations into the mineral and protein metabolism in laying hens from dietary octacosanol feeding were warranted.
Taking together, dietary 5 mg/kg octacosanol supplementation was most effective to improve laying performance and modulate the reproductive hormones, while dietary 10 mg/kg octacosanol supplementation had no significant influences on some parameters. Therefore, the appropriate dosage of octacosanol in the diet for old laying hens could be recommended at 5 to 10 mg/kg feed, and dietary 5 mg/kg octacosanol supplementation could be an optimal dosage for improving laying performance in view of efficacy and cost.
In summary, dietary octacosanol supplementation can improve reproductive performance and egg quality, and extend the peak period of laying hens in the late laying period. This influence is attributable to the action of octacosanol in promoting the secretion of reproductive hormones, which can promote the mRNA expression related to the reproductive axis. The synergistic activity of reproductive hormones and the gene expressions of their receptors influenced the development of reproductive organs and maturation and ovulation of follicles in laying hens during the later cycle. Dietary 5 mg/kg octacosanol supplementation is regarded as an optimal level for improving laying performance in laying hens. Such investigations may provide a practical and theoretical basis for the new measure of dietary supplementation with octacosanol to enhance poultry reproductive performance, and may have a positive effect in terms of offering the poultry industry a new approach.
